Abstract NASA's InSight Mission will deploy two three-component seismometers on Mars in 2018. These short period and very broadband seismometers will be mounted on a threelegged levelling system, which will sit directly on the sandy regolith some 2-3 meters from the lander. Although the deployment will be covered by a wind and thermal shield, atmospheric noise is still expected to couple to the seismometers through the regolith. Seismic activity on Mars is expected to be significantly lower than on Earth, so a characterisation of the extent of coupling to noise and seismic signals is an important step towards maximising scientific return.
Introduction
NASA's Interior Exploration using Seismic Investigations, Geodesy and Heat Transport (InSight; ) mission was launched in May 2018, and will land on Mars in November 2018. It will be the first mission to deploy seismometers on Mars since Viking 1 and 2, which landed in 1976 (Anderson et al. 1976; Flinn 1977; Lazarewicz et al. 1981 ). InSight will deploy three-component short-period (SP; Pike et al. 2005; Delahunty and Pike 2014) and very broad-band (VBB; Dandonneau et al. 2013; Lognonne et al. 2014) seismometers, which together comprise the instruments for the Seismic Experiment for Interior Structure (SEIS; ). This experiment is designed to provide the first detailed constraints on the structure of the planet, including properties of the crust (Panning et al. 2015 , deep interior (Khan et al. 2016 ) and the radius and mass of the core (Hempel et al. 2016) . Unlike the lander-mounted seismometers of the Viking Mission, the instruments will be mounted on a levelling system consisting of three linear-actuator legs on a frame (LVL; ), which will be transferred from the lander onto the surface of Mars (Fig. 1) .
Seismic sources recorded by the InSight Mission are expected to have two primary origins: meteorite impacts and airbursts (Davis 1993; Teanby and Wookey 2011; Teanby 2015; , and faulting as a response to stress generated by uncompensated gravitational loads, igneous intrusions and cooling of the planet (Phillips and Grimm 1991; Golombek et al. 1992; Knapmeyer et al. 2006; Taylor et al. 2013) . Faulting has occurred on Mars within the last few million years (Taylor et al. 2013) , and there are intriguing suggestions that some regions are seismically active at the present day (Roberts et al. 2012) . Sources of seismicity are reviewed by , and so we only mention a few key points here. The majority of faults on Mars' surface are associated with volcanic activity or gravitational collapse around Tharsis (to a distance of > 90
• from the center of the province), or associated with the many impact basins over Mars' surface (Knapmeyer et al. 2006 ). The present day strain rate, the maximum depth of brittle behaviour, and the size distribution of Marsquakes are all poorly known. Strain rates due to cooling will be spatially variable, with high rates expected around large igneous bodies beneath the Tharsis volcanic province. Fault reactivation is likely to be the energetically preferred mechanism to relieve thermal stresses, but the amount of observed slip attributable to thermal contraction is unknown.
Given the uncertainties in the distribution and magnitude of global seismic moment release on Mars, it is vital to optimize the deployment of the SEIS package. Deployment problems hampered attempts to unambiguously identify marsquakes from the Viking Mission data (Lazarewicz et al. 1981) ; the seismometer on Viking 1 failed to uncage, and one of the legs of Viking 2 rested on a rock, causing tilting of 8.2
• and therefore complicating the response of the instrument to seismic noise. The VBBs chosen for the InSight Mission would not operate at such a large angle of tilt, necessitating the use of the LVL system to allow for ground tilt and small rocks that require some ground clearance of the sensor.
Reduction of atmospheric and thermal noise is also a key requirement of a successful seismometer deployment on Mars. A low atmospheric pressure at the surface (∼ 0.7% that at Earth's surface; Schofield et al. 1997 ) results in daily temperature variations of > 80 K near the equator (Clancy et al. 2000) , which generates strong winds in morning and late afternoon. Even with an improved understanding of wind noise, a recent reanalysis of the Viking 2 data resulted in only a single tentative quake identification (Lorenz et al. 2017) . To reduce the amount of noise recorded by InSight, the SEIS instruments will be deployed only about 15 cm above the surface of Mars, with a shield protecting the package from wind and thermal fluctuations (WTS; Lognonne et al. 2014) . Even with these improvements in design, the number N events observed during the nominal 2-year mission is estimated to be within the range log 10 (N ) = 1.0 +1.0 −1.5 , where the confidence intervals arise from uncertainties in the estimates of moment release, moment magnitude, seismic attenuation and wind noise. Maximising scientific return from a small number of predicted events necessitates a better understanding of noise ) and the response of the SEIS instruments to seismic signals.
In this study, we investigate the effect of mounting the SEIS instruments on the LVL tripod and the attenuation of regolith-transmitted seismic noise. The study builds on two recent studies, also motivated by the InSight Mission. modelled the wind noise expected from motion of the lander, whose large solar panels are expected to be deflected by the wind. They approximated the regolith as a homogeneous elastic half-space, with the lander and SEIS feet as point sources. investigated the transfer coefficient between the WTS and SEIS tripods through field experiments at 5 Hz. They showed that the transfer coefficient at this frequency was significantly lower than would be expected for elastic deformation, and suggested that anelastic effects might cause dissipation of the noise.
In this study, we extend the work of with further analogue experiments and numerical modelling. Our aims are to:
1. Determine the frequency-dependent displacement amplitude ratio (hereafter transfer coefficient) between the WTS and SEIS tripods. 2. Quantify the attenuation with distance, for application to noise coupling between the lander and SEIS experiment. 3. Investigate the coupling between seismometers and regolith during tripod-mounted deployments relative to more conventional buried deployment. 4. Isolate the cause of discrepancy between experimental observations and elastic model predictions of WTS-SEIS coupling ).
Field Sites
Our field experiments were carried out in northeast Iceland, famed for its cold deserts and commonly used as a Mars analogue (e.g. Greeley et al. 2002; Hartmann et al. 2003) . The regolith in these areas is typically sandy and basaltic in composition (Arnalds et al. 2001) . Following the logic of , the sites in this study were chosen for their good drainage and lack of soil and vegetation. The regolith at all three sites was composed of medium-to-coarse surface sand (median grain size 0.1-1.0 mm) underlain by slightly finer sand. In comparison, the most common regolith within the InSight landing ellipse is believed to consist of cohesionless ∼ 0.17 mm sand , with small areas of coarser sand with larger clasts similar to the regolith measured by the Spirit Rover in Gusev Crater (Cabrol et al. 2014) , and very small areas consisting of non-load-bearing dust.
The first field site is located just north of Hverfell tephra crater (65 . Figure 2 shows the location of all three sites.
Experimental Methods

WTS and SEIS Tripod Analogues
Our analogues of the WTS and SEIS tripods were constructed from 3 mm thick aluminium angle-sections (Fig. 3) . The inner tripod had a side length of 0.30 m and the outer tripod • tapered spike. The final design of the InSight feet differs somewhat from this design: the spikes on the SEIS feet are 20 mm long with a top diameter of 10 mm, while the WTS feet consist of a thin triangular blade and some additional roughness on the circular anti-sink disk. These differences will primarily influence horizontal coupling to the regolith (see Discussion).
We used Trillium Compact seismometers (TC120-SV1 variant) which have a response flat to velocity from 120 seconds to 100 Hz, a high clip level of 26 mm/s and an operational tilt range of ±2.5
• . The seismometers were mounted at the center of the inner tripod and close to one corner of the outer tripod, with steel masses on the other two corners to balance the mass distribution. The total masses of the outer and inner tripods were 11 kg and 2.9 kg respectively. The planned masses of the WTS and SEIS tripods are 9.5 kg and 8.2 kg, and as such, the weight of the inner tripod in our analogue experiments on Earth (28.5 N) is similar to the weight of the SEIS tripod on Mars (30.4 N for a gravitational acceleration of 3.71 m/s 2 ). The vertical coupling to the regolith should therefore be similar to that on Mars. The weight of the outer tripod is unimportant in our experiments, as its displacement is driven by an active source. Useful quantities from our field experiments and their equivalents for the InSight Mission ) are given in Table 1. Table 1 Physical parameters used in calculations for the analogue experiments and the InSight Lander. The damping parameter is chosen to approximately match the resonance peak is a maximum value which can explain the data collected at Héraðsflói (see Fig. 8 ). The ranges in Young's Modulus are for loose silt (2-20 MPa), silt-sand (10-25 MPa) and sand-gravel (50-150 MPa) mixes as given in Bowles (1996) . The range in Poisson ratio reflects the range in these sediments, again after Bowles (1996) . The density and velocities in the reference model for the Experiment Requirement Document Seismic signals detected by the two seismometers were recorded on a 6 channel, 24 bit Nanometrics Centaur data logger set to a voltage range of ±1 V. Continuous logging was performed by the on-board software. A field laptop powered by a car battery and power Table 2 Spring-mass systems used as single-frequency sources in our experiments. f w is the frequency window over which displacement was integrated. t is the duration chosen for each oscillation experiment. The number of springs n is given as the number of springs on one side of the mass, multiplied by either one or two (for a one-or two-sided setup) inverter was used to check for signal clipping and record the data. Data were logged at 200 Hz so that our highest frequency source (40 Hz) had a frequency lower than the Nyquist frequency.
Active Sources
To simulate the transmission of seismic energy from the lander or WTS to the SEIS tripod, a set of harmonic oscillators were mounted to a metal frame, which was fixed either to the apex of three aluminium supports on the outer tripod frame, or to a 0.1 m disk welded to the top of a steel spike driven into the ground (Fig. 3 ). To minimise horizontal noise and ringing, the metal frame was stabilised with a wooden L-frame. The oscillators comprised a mass connected to springs, the details of which can be found in Table 2 . Specific details of the different experimental setups shown in Fig. 3 are described with the results of each setup (Sect. 5). The general procedure for each active-source experiment was as follows:
-Prime the spring source by pulling down on the mass.
-Release carefully, minimising horizontal motion.
-Allow the spring to oscillate until the amplitude was < 50% of its original value (see Table 2 for durations for each spring source). -Repeat 6 times, rejecting any experiments affected by noise and tripod vibrations.
-Repeat for each spring-mass system. Example vertical component seismograms for each spring source are shown in Fig. 4 . -Disconnect the seismometers from the datalogger/power source, exchange them, and then reconnect. -Repeat the experiment with the exchanged seismometers. Swapping the sensors allows us to estimate the difference in response between the two seismometers (reported as < 0.5% in the technical specifications). The difference was always small relative to the amplitudes of the recorded signals (see Fig. 7 ), allowing us to work with relative amplitudes throughout this paper.
During initial release, a broadband energy source was stimulated for about 0.1 s. After this, some sources tended to stimulate undesirable vibrations in the metal frame of the outer tripod. These signals were at lower frequencies than the spring source, and were attenuated much more rapidly (Fig. 5) . These vibrations did not have measurable power at the frequency of the spring source, and therefore do not impact estimates of spectral power integrated over the narrow frequency ranges given in Table 2 . 
Data Analysis
Analysis of seismic signals was conducted using ObsPy (Beyreuther et al. 2010) . To calculate transfer coefficients, seismograms were integrated to displacement and detrended. A spectral power estimate was then estimated after padding the signal to a number of samples 4 times the power of 2 higher than the window length and windowing with a Hanning taper. The amplitude of the signal was calculated by taking the square root of the power spectral estimate over a narrow frequency band encompassing the signal (Table 2) .
Predictions from Elastic Theory
The coupling of wind noise from the lander and WTS to the SEIS instruments results from propagation of energy through the regolith. The regolith in this case is a granular material which becomes increasingly compacted with increasing confining pressure. The resulting rheology of the regolith is potentially quite complex, but useful insights can be gained by comparison with the predicted deformation of an elastic half-space. In this section, we outline relevant theory which will be used to interpret our field observations. 
Deformation of a Homogeneous Elastic Half-Space
The deformation of a homogeneous, isotropic elastic half-space with Young's Modulus E and Poisson's ratio ν due to a flat-ended cylinder of radius r f has an analytical solution derived by Sneddon (1946) . The elastic surface is constrained to be in continuous contact with the foot of the cylinder, but is allowed to slip freely. The vertical and radial displacement ( z and r) of the half space at the surface can be described in terms of force F (positive upwards) and radius from the center of the cylinder r as follows:
Neglecting the ground tilt under each of the WTS and SEIS feet (reasonable where foot spacing foot radius), (1) can be used to estimate the static displacement of the SEIS tripod:
where β i is the value of β for each of the SEIS feet relative to one of the WTS feet, and β f is the value corresponding to the distance between the WTS feet. In this study, the SEIS feet are in the same orientation as the WTS feet (hereafter referred to as a "clocked" orientation), and the ratio is calculated to be 0.13, given to two significant figures.
Horizontal Signals on a Tripod-Mounted Seismometer
Purely vertical motion of the WTS tripod should stimulate only vertical motion of the SEIS tripod because of the symmetry of the deployment. However, for other sources of energy, we must also consider horizontal motions. For a massless receiver at distance r from a source of seismic energy sitting on a elastic half space, we can calculate a radial/vertical transfer coefficient for the ground surface T r/v = r/ z (Sect. 4.1). As the distance increases, β ∼ arcsin(β), such that:
The error in the approximation is only 5% when r = 2r f . When ν ∼ 0.25 (corresponding to an isotropic elastic medium), T r/v ∼ 1/3. Tilt of the ground surface also generates horizontal acceleration on a tripod-mounted seismometer. Firstly, as the seismometer is mounted above the surface, it will be translated in the direction of tilt. For small angles of tilt θ due to a positive force (i.e. downward displacement of the surface), we can ignore the component of vertical translation (as cos θ ∼ 1), and the horizontal translation of a sensor mass a height h above the surface is approximately equal to −hθ (using the small angle approximation sin θ ∼ θ ). This displacement is in-phase with the radial displacement of the surface of the elastic half-space (2). As for the other components of motion discussed so far, the displacement of individual seismometer components is obtained by convolution of the apparent seismometer displacements with the appropriate instrument response functions.
Tilting also results in a small component of gravitational acceleration being resolved on the horizontal components. Again, if θ is small, we can ignore the change in gravitational acceleration on the vertical component and approximate the horizontal component of acceleration as −gθ . This acceleration acts directly on the sensor mass (rather than the sensor housing) and therefore the mass acceleration should be multiplied by −1 before convolution with the instrument response functions. For this reason, the components of sensor mass acceleration due to translation and tilt will be in phase with each other. The total apparent acceleration of the ground due to tilt will be equal to
These components can be added to the horizontal acceleration derived from (2). When r ≥ r f :
The effect of gravity on the tilt signal becomes significant at < 1 Hz, lower than the frequencies investigated in our analogue experiments (Sect. 5.3).
Response of a Mass to Displacement of a Homogeneous Elastic Half-Space
The preceding section makes the assumption that the kinetic energy of the SEIS tripod is small in relation to the potential energy stored in the regolith. This is true at the low frequencies studied by and . Nevertheless, it is expected that the InSight Mission will be affected by higher frequency sources of noise, especially during hammering of the heat flow probe (HP 3 ). In this section we investigate the effect of the mass of the SEIS tripod on its response to regolith displacement.
The equation relating vertical force to displacement of an elastic half space (3) can be readily compared to Hooke's Law (F = kx). Substitution yields an effective spring constant for the system:
The response of a mass (such as the SEIS deployment) to ground motion can therefore be modelled as a forced harmonic oscillation. An approximate Lagrangian corresponding to undamped vertical motion of the SEIS tripod can be written as follows:
where z 0 is the displacement of the surface of the half space due to the mass m s at rest, n f is a factor accounting for the three feet of the tripod (we here use the approximation that each foot deforms the regolith independently, such that n f = 3) and z d is the displacement driven by the WTS (the displacement in the absence of any mass). We can now use the Euler-Lagrange equation to make the Lagrangian stationary (conserving energy):
Dividing through by n f k and including a linear damping term (F = −λż), we can write the equation of motion for the system:
If the driving force is periodic (z d = (A d e iωt )), we can write a solution to (16) in the form z = (Ae iωt+φ ), where:
The ratio A/A d provides the displacement of the SEIS tripod relative to the displacement of an unloaded elastic surface. This ratio tends towards 1 at low frequencies. A resonance peak is observed when the frequency is equal to
At higher frequencies, the amplitude ratio rapidly decays. We note that the SEIS package will also be subject to horizontal motion, which will be affected by different resonances, including those of the LVL system, which has spring-loaded, moveable legs ). However, we restrict most of the following analysis to vertical signals, which will be most important for detection of Marsquakes.
The Effect of Depth-Dependent Young's Modulus on the Deformation of an Elastic Half-Space
The theory described above assumes that the regolith can be treated as a homogeneous elastic medium. However, the Young's Modulus of unconsolidated clays and sands typically exhibits a power law dependence on confining pressure (Santamarina et al. 2001) :
where σ c is effective confining stress and α is an empirical constant. studied several Mars simulants, whose properties could be well-approximated by the parameter values: σ cr = 1 kPa, E r = 12 MPa, and k = 0.6 for a constant nominal density of 1300 kg/m 3 . An analytical solution for vertical displacements of an elastic halfspace with power-law E(z) behaviour was derived by Giannakopoulos and Suresh (1997) : where 2 F 1 is the hypergeometric function. The distance-vertical displacement curves for representative values of k are shown in Fig. 6 . This formulation assumes that the Young's Modulus at the surface is equal to zero. However, suggest that their data is better represented by a model where the effective confining stress at the surface is non-zero; i.e.
In the absence of an analytical solution, we use the finite-element software FEniCS (Logg et al. 2012; Alnaes et al. 2015) to model deformation of regoliths with a range of effective confining stresses at the surface (see Supplementary Information) . The resulting surface deformation is shown in Fig. 6 . As the gradient in Young's modulus increases, the deformation of the regolith in both models is increasingly confined to the area immediately beneath the foot. Consequently, the vertical displacement of the surface decays more rapidly with increasing distance from the foot. Far from the foot, the amplitude decays as r −(1+k) . The amplitude decay close to the foot is particularly pronounced for large values of k and small values of the nondimensional parameter b = σ c0 /(ρgr f ). proposed that for a surface density of 1300 kg/m 3 , their measured seismic velocities were most consistent with a surface Young's modulus E 0 = 43.5 MPa, which equates to a surface confining stress σ c0 ∼ 8.5 kPa. For a foot radius of 0.03 m and Earth gravity of 9.81 m/s 2 , this would correspond to b ∼ 20.
Experimental Results
WTS-SEIS Transfer Coefficients
The "clocked" WTS-SEIS-analogue transfer coefficients were obtained using spring sources (Table 2) mounted on the outer tripod as shown in Fig. 3a . The displacement ratios of the inner and outer tripods are shown in Fig. 7 . Site noise dominated the overall signal at < 1 Hz.
Fig. 7
Measured vertical transfer coefficients between the inner and outer tripod. Solid dots correspond to the ratio of the inner to outer tripod displacement amplitudes (as calculated from the power spectra of the displacements). Open dots are calculated in the same way, but the power spectra of the inner tripod are taken from time segments where no signal was generated, thus representing typical site noise. These points demonstrate that the signals from the high frequency spring sources are much more powerful than the site noise, and that only at < 2 Hz does site noise contribute significantly to the total estimated transfer coefficients. The solid line represents the theoretical transfer coefficient calculated from elastic theory (∼ 0.13; see Sect. 4.1).
The transfer coefficient changes very little when the sensors are exchanged, indicating that the response of the seismometers to a given displacement is almost identical. For estimates of signal coherence corresponding to these transfer coefficients, see Supplementary Figure S1 Between 1 Hz and 20 Hz, the transfer coefficient is almost completely frequency independent, and 50-75% lower than the value expected from deformation of a homogeneous elastic half space (∼ 0.13; see Sect. 4.1). The observed values are ∼ 0.030 at Hverfell, ∼ 0.033 at Fellabaer and ∼ 0.056 at Héraðsflói. Similar values are reported for 5 Hz signals by . If the elastic properties of the regolith can be described by the expressions in Sect. 4.4, such values indicate that the effective confining stress at the surface is on the order of ρgr f (400 Pa), significantly lower than the value suggested for Mars simulant materials based on velocity measurements (∼ 8.5 kPa; . This may reflect a higher sensitivity of the current experiments to the uppermost few centimeters of the regolith. At > 20 Hz there is a prominent increase in the transfer coefficient which indicates a resonance of the regolith-inner tripod system as predicted in Sect. 4.3. The frequency of this resonance can be used to estimate the Young's modulus using (19). In Fig. 8 , we scale the observed transfer coefficients so that the low frequency part of the transfer coefficient has a value equal to one. These scaled values are plotted with the predicted displacement ratios for different values of the Young's modulus. The frequency of the resonance is consistent with a very low effective Young's modulus on the order of 2 MPa. This is within the range of values previously calculated for regolith at Hverfell and Holasanður using the ratio of force to vertical displacement measured on the outer tripod (1-5 MPa; .
SEIS-Regolith Coupling
To predict the quality of coupling between the regolith and a tripod with the same weight as the LVL plus SEIS instruments, we recorded ambient noise using a Trillium Compact seismometer on our small tripod, and another buried in the regolith such that the top of the seismometer was level with the ground (Fig. 3b) . The inner and outer tripods were positioned directly above the buried seismometer in the same "clocked" orientation as before. The regolith has a similar density to the buried seismometer (ρ S = 1570 kg/m 3 ), so the displace- (17) and (18)) are given by the parameters in Table 1 . Filled circles correspond to the Icelandic analogue experiments (Sect. 5.1), which have been scaled to the low frequency amplitudes. The responses are consistent with an effective Young's modulus of ∼ 2 MPa Fig. 9 Gain and magnitude-squared coherency (γ 2 ) of ambient-noise driven displacement of the tripodmounted seismometer relative to that of a seismometer buried directly underneath the tripod at each of the three sites visited in this study. Shading represents the 95% confidence interval, as estimated by jackknifing the K (K = 2N − 1; N = 128) multitaper estimators. Gain is defined as the amplitude of the cross-spectrum of the two signals divided by the power spectrum of the buried seismometer. Where the coherence is high, the gain is close to one, implying very good coupling between the tripod and regolith. For the displacement ratio between the two seismometers, see Supplementary Figure S3 ment of the seismometer during the passage of a plane wave should be approximately equal to the displacement of the ground surface. Therefore, the relative displacements recorded on the two seismometers should reflect the extent to which seismic signals are diminished (or augmented) when recorded by a tripod-mounted deployment. For each site, the seismometers were allowed to settle for 10 minutes, before measuring ambient noise for 15 minutes. The gain and magnitude-squared coherence of displacement recorded by the tripod-mounted seismometer relative to the buried seismometer is shown in Fig. 9 . At Hverfell and Fellabaer, wind-generated tripod vibrations result in a drop in coherence in the 2-10 Hz frequency band. Where the coherence is high, the ratio of displacement is close to unity, suggesting that the tripod-regolith coupling is very good. In a separate set of experiments, the spring sources from Table 2 were mounted on top of the outer tripod (Fig. 3c) . If the regolith deforms elastically, the displacements of particles within the volume containing the buried seismometer and outer tripod should not vary by more than about 20%. Therefore, relative displacement of the two seismometers should be similar to that in the ambient noise experiments, with the benefit of much higher signal/noise ratios effectively removing signals from wind noise. The measured transfer coefficients at all three sites are essentially frequency independent and close to unity (Fig. 10) , arguing for excellent coupling between regolith and tripod. The resonance behaviour reported in Sect. 5.1 is not observed. This is unsurprising; resonance between the inner tripod and the regolith will also increase the amplitude of displacement of the regolith, especially between the legs of the tripod where the second seismometer is buried.
Attenuation with Distance
The wind will stimulate displacement of the regolith not only by coupling to the WTS, but also to the lander itself. The center of the lander will be positioned only 2-3 m from the center of the SEIS experiment (such that the lander and LVL legs will be separated by 1-4 m), and the large solar panels will experience significant lift due to the wind . A final set of experiments was devised to determine how displacement of the SEIS tripod decreases with distance from a source of noise. In these experiments, the active spring sources (Table 2) were mounted to a disk welded onto a steel spike buried into the regolith. A seismometer was buried 0.3 m from this spike. The small (inner/SEIS) tripod was positioned 1.0, 2.0 and 3.7 m from the spike, collinear with the spike and buried seismometer (0.7, 1.7 and 3.4 m from the buried seismometer; Fig. 3d) . A full set of spring-source experiments was conducted with the small tripod at each distance. Figure 11 shows the amplitude of vertical displacements as a function of distance from the spring sources. Also shown is the curve predicted from the analytical expressions for a homogeneous elastic half-space (Sect. 4.1), which can be approximated by relative amplitudes being inversely proportional to distance from the source, i.e. A/A 0 ∼ (r/r 0 ) −n where n = 1. The data from the Hverfell site has a low signal:noise ratio resulting from both wind and intermittent activity from a nearby geothermal plant, and so we do not attempt to interpret this data. At the other two sites, amplitudes at low frequencies (< 20 Hz) decay approximately as the square of distance n ∼ 2. As for the inner:outer tripod transfer coefficients (Sect. 5.1), this observation implies a significant increase in Young's Modulus with depth. A value of n ∼ 2 implies a Young's modulus which increases approximately linearly with depth (Sect. 4.4). At high frequencies (≥20 Hz), the vertical displacement lies somewhere between n = 1 and n = 2. This more gradual decay may be at least partially the result of tripod-regolith resonance amplifying the signal recorded on the buried seismometer when positioned close to the tripod.
Vertical Displacements
Particle Motions
The particle motions of the buried seismometer are simple (Fig. 12, top row) , with a single frequency and horizontal and vertical components in phase with each other. The vertical amplitude of displacement is approximately three times larger than the horizontal amplitude, in agreement with theory (Sect. 4.2).
In contrast, the ratios of vertical to horizontal displacement on the tripod-mounted seismometer are smaller. At the Fellabaer site, the decrease in the ratio is small (11:5 to ∼ 8:5), and can probably be attributed solely to the effect of mounting the seismometer on a tripod (Sect. 4.2). However, at Hverfell and Héraðsflói, the ratio is much smaller than expected and the phase of the horizontal motions consistently leads the phase of the vertical motions (particle motions are anticlockwise in Fig. 12 ). The increased phase-shift on unconsolidated regolith suggests that the non-linear particle motions may be influenced by granular sliding.
The particle motions in Fig. 12 were stimulated by the 20.5 Hz spring source. The 5.3 and 9.0 Hz signals generated similar motions, although the signal:noise ratio was lower. The particle motions stimulated by the 0.6, 1.5 and 2.2 Hz sources could not be resolved above the local site noise. The particle motions generated by the 39 Hz source are complicated by harmonics, and are not discussed further. 
Synthesis of Experimental Results
Before using our experiments to make predictions related to the InSight deployment, it is important to understand the effects of the differences between the apparatus and seismic sources. The major differences between the LVL+SEIS instrumentation and our inner tri-pod include the flexibility and extensibility of the inner-actuator legs on the LVL, which is associated with horizontal resonances in the dekahertz range (e.g. . If the LVL is used to correct a significant amount of tilt, the nominal clearance above the surface will change, altering the predicted horizontal motions (Sect. 4.2). The more slender shape of the LVL feet below the anti-slip disk will improve horizontal coupling by penetrating more deeply into the regolith. This deeper penetration may also slightly decrease vertical displacement of the WTS for a given forcing; however, regolith compaction due to the weight of the WTS and LVL will have a much greater effect on the overall seismometer response. Other differences between our analogue apparatus and the InSight deployment apparatus can largely be accommodated using the equations given in Sect. 4. For example, the larger mass of the SEIS tripod relative to our analogue tripod will shift the resonance peak to lower frequencies on Mars (19).
Our analogue experiments generate accelerations on the order of mms −2 . For example, maximum velocities at 5 Hz on the outer tripod were 0.1-0.2 mm/s (calculated from a gain of a 754.2 mms −1 V −1 ). For a sinusoidal source, such maximum velocities correspond to maximum accelerations of 3-6 mms −2 . This is several orders of magnitude higher than the expected accelerations created by the Martian wind beneath the feet of the WTS (∼ 10 −8 ms −2 Hz −1/2 ). However, our vertical transfer coefficients show no amplitude dependence over about 2 orders of magnitude of velocity. We argue that these amplitudeindependence extends down to the amplitudes expected for the InSight deployment. Similarly, although we focus primarily on high frequency signals > 1 Hz, the frequencyindependence of the transfer coefficients means that our low frequency values can be used at < 1 Hz, where Marsquake and impact signals will have significant power . The high frequency resonance observed in this study will be relevant to signals generated by hammering by HP 3 , as signals significantly higher than the resonant frequency will not stimulate vertical motion of SEIS.
With these points in mind, we can make the following interpretations and statements about the InSight deployment: -The weight of the SEIS tripod is sufficient to provide good vertical coupling to sandy regolith. Vertical signals with frequencies < 20 Hz are not noticeably affected by mounting seismometers on a tripod. -A high frequency resonance peak is likely to be observed in the decahertz range for vertical signals recorded on unconsolidated regolith, as the tripod mass will behave as a forced harmonic oscillator. -Noise coupled through the regolith from the lander and WTS will decay as A(r) ∝ r −n , where 1.5 < n < 2. The value of n is controlled by the depth dependence of the Young's modulus with depth; far from the lander/WTS feet, theory predicts that n ∼ 1 + k, where k is the exponent governing the increase in Young's modulus with depth (E ∝ (a + z) k ; Sect. 4.4). -For any given lander foot displacement, the SEIS instruments will be displaced less than the prediction for deformation of a homogeneous elastic half-space (n ∼ 1) (Sneddon 1946; ). This reduction in displacement is illustrated in Fig. 13 . -Although teleseismic energy must propagate through the surface layers of regolith to be recorded by the InSight seismometer, the amplitudes of such signals will be less sensitive to these layers relative to local sources (as they will mostly propagate through solid Mars). We therefore expect signal:noise to be somewhat higher than predicted by . . Also shown are the payload assembly (L3) and SEIS instrument (L4) noise requirements for the VBB -Our analysis raises the possibility of determining regolith properties (Young's modulus, Poissons ratio) using noise data returned from the SEIS instruments. The value of Young's modulus estimated from the tripod resonance in Sect. 5.1 is low compared with literature estimates for similar regolith at 150 kPa confining pressure (2 MPa vs. 20-150 MPa), which suggests that this resonance is largely sensitive to the top few centimeters of regolith. The lower gravity on Mars may also result in a somewhat thicker unconsolidated regolith layer at the InSight landing site, which would reduce the effective Young's modulus even further. -Finally, poor consolidation of sands at the landing site will shift horizontal and vertical signals out of phase. This effect is apparently frequency independent, at least between 5 and 20 Hz. In-depth analysis of particle motions from the InSight data must take this effect into account.
Conclusions
In this study, we conducted analogue experiments in Iceland to predict the amplitudes of signals and noise observed by the InSight Mission to Mars, and the effect of mounting the SEIS instruments on a tripod. On the basis of the results of these experiments, we predict that the transfer of noise through the regolith from the InSight lander and WTS will be frequency independent at < 20 Hz. Between 3% and 6% of vertical motion of the WTS will be transmitted through the regolith to the SEIS tripod. These values correspond to about 25% and 50% of the values predicted for deformation of a homogeneous elastic half-space. This diminished response is consistent with a small surface Young's Modulus which exhibits a power-law depth dependence (Sect. 4.4). The amplitude of noise created by motion of the lander will decay as A ∝ r −n where 1.5 < n < 2 within a radius enclosing the potential positions of the SEIS tripod. Given the noise models published for Mars , wind noise should be well-within mission requirements.
Mounting the seismometers on a tripod will not affect the vertical amplitude of recorded signals relative to shallow burial up to a frequency of ∼ 20 Hz. Horizontal amplitudes will be affected by mounting the seismometer 10 cm above the surface; whether the amplitudes are increased or decreased depends on the frequency of the displacement. In addition, the vertical particle motions of the tripod-mounted seismometers exhibited a frequency-independent phase lag of 10-20
• relative to the horizontal motions (Fig. 12) . This effect was not observed in motions recorded by the buried seismometer, and is more noticeable on poorly consolidated, sandy ground.
Somewhere between 30 and 80 Hz there will likely be a damped resonance peak between the seismometer and regolith, leading to increased vertical accelerations for a given displacement. The location of this peak should be resolvable using ambient noise, and may provide a good estimate of regolith properties near the surface of Mars. In our analogue experiments, estimated values for Young's modulus (∼ 2 MPa) are at the very low end of values reported in the literature, suggesting that such values reflect the elastic properties very close to the surface. We point out that signals at frequencies above this resonance (> 100 Hz) will be damped as a result of the inertia of the SEIS tripod. This may be beneficial in terms of reducing the chances of clipping due to hammering of the heat flow probe (HP 3 ), which is also a part of the InSight scientific payload.
